Abstract
Introduction 39
The "Urban Heat Island" (UHI) is probably the most well-known environmental impact of 40 urbanization (Oke, 1982) , and the most well-documented example of anthropogenic climate 41 modification through land use change (Arnfield, 2003) . It arises from a variety of factors: the 42 extensive use of man-made materials that have substantially different thermal and hydrological 43 properties compared to natural materials, the reduction of evapotranspiration due to limited water 44 bodies and green surfaces, and the anthropogenic heat sources (Grimmond, 2007; Oke, 1982) , to 45 name a few. Recent years have witnessed a growing interest from the scientific community, the 46 public, and policy makers in understanding and mitigating UHIs, particularly due to the added 47 pressure of increasing global urbanization and climate change. Currently, over 50% of the world 48 population is living in cities, and this percentage continues to rise rapidly. By 2030, the urban 49 population is expected to exceed 60% of the global population; 95% of the net future increase in 50 the global population will occur in cities (Grimm et al., 2008) . The combined effects of UHIs, 51 global climate change, and soaring urban populations pose significant challenges to energy and 52 water sustainability and to human health in urban environments. In particular, a recent study has 53 shown that heat waves, which are projected to become more frequently and last longer under a 54 warming climate (Lau and Nath, 2012; Meehl and Tebaldi, 2004) , interact nonlinearly with UHIs 55 to produce extremely high heat stress for urban residents (Li and Bou-Zeid, 2013 ).
56
The scientific research on UHIs has traditionally focused on their energetic basis and providing a decision framework for policy makers (Chow et al., 2012) . However, the capability 66 of high-resolution numerical models to faithfully capture all the spatial and temporal dynamics mitigation strategies such as the use of green roofs and white roofs , which 78 are the focus of the companion paper of this study (Li et al., 2014) .
79
The scenario that we selected to study is the hottest day during a heat wave period that has been 80 investigated previously by the authors (Li and Bou-Zeid, 2013 surface model for non-urban surfaces.
142
The WRF simulations are performed over the Baltimore-Washington metropolitan area using 143 three nested domains with horizontal grid resolutions of 9 km, 3 km and 1 km. Cumulus 
195
where ρ is the air density (kg m -3 ); C h is the transfer coefficient that corresponds to the first level 2-m air temperature (T 2 ) is a diagnostic variable that is calculated based on the alternative 200 expression of the sensible heat flux that uses atmospheric variables at 2 meters:
202
where C h2 is the transfer coefficient at 2 m; U 2 is the wind speed at 2 m; and T 2 is the air 203 temperature at 2 m. As such, T 2 can be calculated as: and C h2 are calculated using the Monin-Obkuhov Similarity Theory (Monin and Obukhov, 1954) : functions for momentum and heat, respectively (Brutsaert, 1982) .
213
From equations 2 to 4, it is evident that the momentum roughness length (z 0 ) and the thermal Table 1 .
223
The Yonsei University (YSU) PBL and surface scheme has a default parameterization for the for that scheme is calculated as (Chen and Dudhia, 2001) : 
236
The Mellor-Yamada-Janjic (MYJ) PBL and surface scheme has a default parameterization for 237 the thermal roughness length that is based on Zilitinkevich's (1995, hereafter "original 
246
where h is the height of the canopy (m). As such, C zil is no longer treated as a constant. part and a vegetated part consisting of grass-covered soils (see Figure 1 of the companion paper).
263
The assigned fractions of the urban and vegetated parts depend on which of the three urban implementation is generated as a diagnostic variable by the UCM following: temperatures that we will depict, and remove, later in the paper (see Figure 5 and discussions 291 afterwards). The 2-m temperature for an urban grid cell is then calculated as in equation 3, but 292 using the grid cell-averaged surface temperature and the grid-cell averaged sensible heat flux 293 following: cloudiness) and to the insensitivity of this parameter to model initial conditions.
345
The WRF-simulated boundary layer temperature profiles are also validated by comparing to 
367
The bias is reduced by switching to the MYJ PBL scheme with its original Zilitinkevich (which use the default WRF UCM) in Table 1 , respectively (Units: K).
379
To further examine the biases in the land surface temperatures, the differences between the WRF 
418
One notable exception to the success of the modified Zilintinkevich relationship is that in urban 419 areas, which could also be viewed as tall canopies, the biases are increased (see the green in Figures 3b to 3d) . This large bias in the urban surface temperature field can be corrected by the use of a more accurate computation of the impervious surface 437 temperature, and an improved UCM, as will be discussed in section 3.2.
438
To further investigate the sensitivity of land surface temperatures to PBL schemes and to 
488 This is similar to the 'complete urban surface temperature' concept proposed by Voogt and Oke
489
(1997), but the wall and ground temperatures are incorporated into the 'complete urban surface temperature is a weighted average of roof temperature and canyon temperature (equation 9).
530
We again quantify the biases in the land surface temperatures as a function of the three urban 531 categories for these runs in Table 2 . Here, the No-UCM simulation (case 5) is added as a observations. In addition, this bias is comparable to the uncertainty in the MODIS land surface 544 temperature product. Inter-comparing the values in Table 2 indicates that introducing urban grass 
571
The IAD site is identified as an urban site due to a large fraction of urban land within the grid 572 cell where IAD is located. The grid cell has 81%, 14% and 5% of low-density residential urban 573 land, high-density residential urban land, and industrial/commercial urban land, respectively.
574
While the BWI site has 35% low-density residential urban land, it is primarily dominated by 575 deciduous broadleaf forest (40%) and has 10% deciduous needleleaf forest. 
Conclusions and discussions

615
In this study, numerical simulation of the urban heat island effect at the city scale is investigated 
625
The urban surface temperatures simulated by WRF are also sensitive to the UCMs used, as well 626 as to the imposed urban thermal surface properties (e.g., albedo, thermal capacity, and thermal 627 conductivity). A more consistent method for calculating urban surface temperature is proposed 628 and validated in this study. Compared to not using a UCM or using the default UCM, an 629 improved UCM (the PUCM), which we implemented into WRF, yields the smallest bias (< 1.5 630 ºC) in the urban surface temperature fields, though part of this improved performance is 631 attributed to the use of more accurate surface thermal properties. 
638
The implementation and use of PUCM not only improve the performance of WRF in 639 reproducing the land surface temperature patterns and the associated surface urban heat island 640 intensity, but also allow a realistic investigation of urban heat island mitigation strategies such as 641 the green roof and white roof strategies. These mitigation strategies have been studied at 
